Using the density functional theory, we systematically calculated the stability, electronic, and optical properties of monolayer and multilayer blue phosphorus. The results show the structures are all dynamically stable, and the gaps decrease with an increase of the number of layers. An unexpected transformation from indirect to direct band gaps is also observed as the tensile strain increases. In addition, the optical properties indicate the optical absorption peak of the material is in the ultraviolet region.
Introduction
In recent years, the monolayer black phosphorus has been exfoliated named black phosphorene (BP) [1] [2] [3] [4] [5] [6] [7] and attracted tremendous attention due to its fascinating properties [8] . Compared with graphene, BP had a direct band gap and high carrier mobility, which would facilitate the application in optoelectronics. The band gap can be varied from 0.3 eV to 2.0 eV with the stripping of the monolayer black phosphorus [9] . Transport studies revealed high room temperature mobility~1000 cm 2 V -1 s -1 [10] and large on/off current ratio in the BP-based electronic device. BP had the corrugated in-plane lattice structure which led to interesting anisotropic behaviors in the electrical and optical responses.
By certain dislocation of constituent P atoms, the puckered structure of black phosphorus can be converted to a more symmetric buckled structure of another 2D allotrope, named blue phosphorus. Blue phosphorus has a hexagonal honeycomb lattice structure which is very different from BP. Blue phosphorus has been predicted through the ab initio density functional theory [11] ; it displays a sizable fundamental indirect band gap [12, 13] . Through doping, adsorption, and functional group modification, scientists controlled the electronic properties of blue phosphorus materials and obtained a series of results. Sun et al. proposed that blue phosphorus band gap can be changed by modifying transitional atoms, and they also found blue phosphorus has a Dirac-cone by halogen modification; a linear relationship between energy and wave vector formed a Dirac cone near the Fermi level expressed as the relativistic particle behavior with zero effective mass and velocity close to the speed of light, which may be a potential Dirac material [14] [15] [16] [17] [18] [19] . Zhu et al. revealed blue phosphorus oxide can be topological semiconductor materials by tunable strain [20] . The electronic band gap of the quasi-freestanding single-layer blue phosphorus, which was grown in tellurium functionalized Au(1 1 1), has been determined to be 1.10 eV by scanning tunneling spectroscopy measurement [21, 22] . Although the electronic structure of blue phosphorus has been extensively studied, optical properties are rarely involved. In addition, there are some unexplored issues in our knowledge which need us to continue in research.
In this study, we focus on the effect of the tensile strain and layers to the band gap, which rely on van der Waals (vdW) forces in multilayer blue phosphorus. These calculations indicated that the band gaps can be tuned effectively and have a transition from indirect to direct by the tensile strain. At the same time, the materials have a strong absorption in the ultraviolet range and intended to discover its potential applications in optoelectronic devices, and the underlying mechanism is analyzed.
Method
These first-principle calculations are performed through using the VASP [23, 24] code. The generalized gradient approximation (GGA) for the exchange and correlation 2 Journal of Nanomaterials potential, Perdew-Burke-Ernzerhof (PBE), the normconserving pseudopotentials [25, 26] , and the projector augmented wave potential (PAW) [27] to treat the ion-electron interactions are used. To properly take into account the van der Waals (vdW) interactions in the structures, the DFT-D2 method was used throughout all the calculations [28, 29] . Similar methods to relax black phosphorus have been shown to produce results that closely match experimental data. The plane wave energy cutoff is set to 500 eV to ensure the convergence of total energy with the energy precision of 10 −6 eV. The reciprocal space is sampled by a fine grid of 7 × 7 × 1 K point in the Brillouin zone (BZ). The conjugate-gradient method was used for geometrical optimization until the force on each atom was smaller than 0.02 eV/Å. The kinetic energy cutoff for wave function is set to be 500 eV. The phonon spectrum is calculated using a supercell approach within the PHONOPY code [30] . Figure 1 (a), the lattice of monolayer blue phosphorus is a hexagonal honeycomb. In addition, there is a unit cell in black dashed frame and the side view shows that the structure is wrinkled. In  Figures 1(b)-1(d) , the first layer is named A which is 3 Journal of Nanomaterials represented with color blue atoms and, in order to distinguish them, the second layer is named B which is represented with color red atoms. The lattice parameters of blue phosphorus are a = b = 3.28 Å, the height of the vacuum layer is at least 15 Å besides the distance of layers, and the bond length between two P atoms is 2.265 Å.
Result and Discussion

Electronic Properties. As shown in
From Figure 2 , the dynamic stability is confirmed by the phonon spectrum calculated along the highly symmetric directions with zero strain, and the frequencies of all modes are positive over the whole Brillouin zone, indicating the structure is dynamically stable [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
To evaluate the structural stability of the four structures, the binding energies are calculated as
where E f and E 0 are the energies of films and monolayer and N is the number of layers. We calculated the binding energy of layers, E bilayer , E trilaminar , and E quadruple which arẽ 0.40 eV per P atom. We suggested that it is van der Waals interaction between layers, different from the strong orbital hybridization [41] . Figure 3 displays the electronic properties of multilayer blue phosphorus films. The band gaps of blue phosphorus are 1.93 eV (monolayer), 1.75 eV (bilayer), 1.70 eV (trilaminar), and 1.53 eV (quadruple) which are decreasing as the layers increase. The results indicate that the structures are all indirect band gap semiconductors. The conduction band minimum (CBM) of multilayer blue phosphorus films is between Г and M, and the valence band maximum (VBM) of it is between K and Г. Compared with Figure 3(a) , s reduces its effect while p xy and p z increase that the band is splitting at CBM; similarly, the band is also splitting near Г in Figures 3(b)-3(d) . The increasing layers added the number of band gaps near the Fermi level, the rule is h = 2i, h is the number of band gap, and i is the layer. Considering the above results, the top of the valence band will cross the Fermi surface and the material will change from a semiconductor to a metal as layers increase. The astonishing thing is that it has a Dirac cone at K point which does not disappear as layers change, so blue phosphorus is also a potential choice for a Dirac material.
In order to discuss the effect of strain on the multilayer blue phosphorus band gaps, the 0~14% tensile strain to maintain all crystal symmetries and overall honeycomb-like structures were used. Here, the strain is defined as ε = Δa/a 0 , where a 0 and a = Δa + a 0 are the lattice constants of the unstrained and strained cell, respectively.
In Figure 4 , the results show that the band gaps decrease as the tensile strains increase showing the band variation trend of different layers of blue phosphorus in different tensile strains, in which band gaps will continue to decrease as tensile strains increase. For bilayer blue phosphorus, the VBM is located near the Fermi level and the CBM moves down continuously until crossing the Fermi level. Its band gap has a transition from indirect to direct within tensile strain ε = 12%, while the CBM and VBM are at symmetry point Г in which trilaminar and quadruple are within tensile strain ε = 10%. From the results, the tensile strain can play an intensive role in the electronic structures of the multilayer blue phosphorus, so that it can be a potential choice of semiconductor switching to realize on/off within the tensile strain.
Optical Properties.
The dielectric function is a function of the relationship between the energy band structure and optical properties of the reaction solids, which can be used to characterize the physical properties of semiconductor materials. The formula of complex dielectric function is expressed as
where ε 1 ω is the real part of the function, while ε 2 ω is the imaginary part. The real part ε 1 ω of the dielectric function can be calculated from the imaginary part ε 2 ω by the Kramers-Kronig relationship, while the imaginary part ε 2 ω has the following expression [42] [43] [44] :
Herein, ℏ = h/2π, m is the mass of free electrons, e is the charge of free electrons, ω is the frequency of incident photons, E V and E C represent the conducting and valence bands, respectively, BZ represents the first Brillouin Zone, and K is the reciprocal vector.
Blue phosphorus has different structures along the x -direction and y-direction, so it is anisotropic in different directions. Moreover, as the number of layers increases, the optical properties also were calculated along the z-axis. It proves the structures of the material in different directions, Journal of Nanomaterials and the light runs perpendicular to the plane in Figure 5 . We calculated the optical properties of the materials, and the results are presented in Figures 6 and 7 . From Figure 6 , the results show that their peak intensity at~4.0 eV in the y-direction is at its maximum in their structures, and besides, there are two lower peaks at~2.1 and~2.6 eV in Figure 6(a) . Similarly, there is a peak at~4.0 eV in the x-direction and two lower peaks at~4.5 eV and~5.3 eV in all structures. More than the monolayer, there is a peak at~7.5 eV in the z-direction in four structures. There are many peaks in the range from 4.0 to 8.0 eV which mainly originates from the transition of the p electrons, and it also causes changes in the main peaks of the dielectric function.
Next, we obtain the absorption coefficient α ω from ε 1 ω and ε 2 ω , and the absorption area [45, 46] is expressed by
In Figure 7 , the optical absorption spectrums show that absorption curves almost start at~2.0 eV. Unlike another absorption curves, it has absorption peaks at~2.1 and 2.6 eV in the y-direction which represents a monolayer that can absorb green light in the y-direction rather than the x The red curve shows the optical properties of materials along the x-direction, the green curve shows those along the y-direction, and the blue curve shows those along the z-direction (along vacuum layer direction).
5 Journal of Nanomaterials -direction in Figure 7 (a), and this peak will disappear as the number of layers increases. Besides, the absorption coefficients all have an absorption peak at~4.0 eV increasing up to the order of 10 7 cm −1 , and the value of coefficients is enhancing as layers increase. In the x-direction and y-direction, there are multiple absorption peaks in the range of 4.0 eV to 8.0 eV and then the absorption coefficients will decrease as energies continue to enhance. Layers increasing caused the absorption in the z-direction, compared with the x-direction and y-direction; the absorption coefficient has a peak at~8.0 eV. In conclusion, we found that the energy of peaks is almost always greater than 3.0 eV so that the material is mainly absorbed by ultraviolet light.
From the results, we believe that along the same direction of light irradiation, the increasing of layers can hardly affect the absorption wavelength of light, but the absorption coefficients will increase. Multilayer blue phosphorus structures present significant absorption in the range of ultraviolet light, which can be attractive for efficient light harvesting in optoelectronics instruments.
Conclusion
To summarize, we systematically investigated the structural, electronic, and optical properties of multilayer phosphorus via DFT computations. Pure blue phosphorus is an Journal of Nanomaterials indirect band gap semiconductor, and the band gaps gradually become smaller as the layers increase. The method of tensile strain is applied to make it become a direct band gap and implement the band gaps of the opening and closing. In addition, the monolayer blue phosphorus can absorb the green light by calculating the optical properties and multilayer blue phosphorus structures become the only absorption ultraviolet ray as the layers increase. Overall, our results have a research value in electronics and optoelectronics devices.
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